Introduction
chemical processing under a variety of wind conditions for a wide range of emission scenarios, as a 123
Model setup

130
In the box model approach, a well-mixed hypothesis is adopted, i.e. the air inside the box is 131 assumed to be well-mixed. The box model is a simple approach to describe the evolution of air 132 pollutants, which only requires low computational cost. For deep street canyons, the presence of 133 two primary counter-rotating vortices segregates the street-canyon flow into layers with contrasting 134 dynamical features so that pollutants exhibit a significant reduction with building height; this has 135 been reported in the literature (Murena and Favale, 2007) . In such situations, the "well-mixed" 136 assumption tends to fail (Murena et al., 2011) . Therefore, a more realistic model treatment (i.e. a 137 two-box model) is needed to capture the vertically segregated layers with a significant 138 concentration contrast and the communication between vortices in the deep street canyon. The deep 139 street canyon can be divided into two boxes (conceptualised in Figure 1a ) with the corresponding 140 vortex inside each box separated by using a plane at the level of
(where a is the box 141 height ratio determined by the flow structure with the street canyon). It is assumed that each vortex 142 has sufficient intensity for the chemical species to be well-mixed within the corresponding box 143 (Murena et al., 2011) . The mathematical description of the two-box model is as follows: 144 deep street canyon. These previous studies provide confidence that the simulated dynamics 163 (exchange velocities) adopted for the street canyon boxes is reasonable although ideally such box 164 models would be tested against observations (but these are as yet very scarce). This study attempts 165 to extend the application of two-box model approach by considering relatively more complex 166 chemistry (i.e. the RCS chemical mechanism). 167
The one-box model (with the "well-mixed" assumption for the whole deep street canyon) is 168 conceptualised in Figure 1b 
where the symbols are similar to those in the two-box model (the quantities associated are denoted 171 as "0" rather than the "U" and "L" in the two-box model approach). 172 We assume that L i C , from the more sophisticated and realistic two-box model is the "true" value (in 173 the sense that Thus, there will be an error for the "one-box" model due to the well-mixed assumption, compared 175 with the concentration in the lower box (i.e. the interest area of potential exposure assessment for 176 pedestrians) by the "two-box" model. This error can be expressed as the concentration difference 177 due to segregation as follows: 178
Then we can define the percentage of overestimation by the "one-box" model compared with the 180 concentration in the lower box by the "two-box" model: 181
, it means that the "one-box" model is in agreement with the "two-box" model; If 183
, it means that the "one-box" model over-or under-estimates the 184 concentration compared with the "two-box" model. 185
Exchange velocities in the two-box model
186
Exchange velocities implemented into the two-box model can be determined from a comprehensive 187 numerical flow model (e.g. the Reynolds-Averaged Navier-Stokes model or large-eddy simulation) 188
by calculating the ventilation of a passive scalar once the boundaries of the two boxes are defined. 189
According to Fick's law, the flux of a passive scalar (denoted as "ps"), Thus, the two boxes are homogenous. Higher (or lower) values of  represent the two boxes that 220 are more (or less) segregated; in other words, the simulation possesses more (or less) heterogeneity. 221
According to Equations 6-9, it can be derived that: 222
Based on Equations 6-12, exchange velocities for the two-box model are obtained as follows: 224
The physical mechanisms that determine the value of the heterogeneity coefficient () are explained 227 below. For a given  (i.e. fixed sizes of the two vortices), the heterogeneity coefficient may be 228 determined by the spatial pattern of turbulence, which could in turn be affected by the buildinggeometry, local wind conditions, local turbulence generated by moving vehicles or thermal forcing, 230 and damped turbulence by (e.g.) tree leaf or stable atmosphere factors. For example, greater local 231 vehicle generated turbulence (or other factors) transfers more pollutants from the lower box into the 232 upper box, giving a lower value of C ps,L and a higher value of This indicates the importance of future technology in the expected reduction of NO 2 levels thereby 326 meeting the UK NO 2 air quality standards over years (although we note that such anticipated 327 reduction may not be fully realised (Carslaw and Rhys-Tyler, 2013) ). For a heterogeneitycoefficient of 0.9, the UK air quality standard for hourly NO 2 is breached for most years, for this 329 idealised scenario. This indicates that it is important to improve the air ventilation within the street 330 canyon, thereby decreasing the heterogeneity coefficient leading to better air quality and reduced 331 pedestrian exposure. 332 decreases with year. This is mainly attributed to the predicted performance of control technologies 376 applied, which achieve lower E VOCs and E NOx . 
Conclusions
542
The bulk levels of air pollution within a street canyon, focusing on the lower heights where 543 pedestrian / human exposure takes place, are investigated using a coupled-two-box model approach, 544 which enables a wide range of emission scenarios to be considered in a computationally efficient 545 manner, whilst providing greater realism than a single, well-mixed box approach. The performance 546 of the one-box model approach (assuming the whole street canyon as a well-mixed box) was also 547 examined compared with the bulk concentrations in the lower canyon of the two-box model. Coreimportant parameters (i.e. heterogeneity coefficient, exchange velocity and box height ratio) related 549 to the two-box model approach were investigated. The two-box model results identify the emission 550 regimes and the meteorological conditions under which NO 2 in the lower canyon (street level) is in 551 breach of air quality standards. Higher NO 2 levels were observed for the cases with higher 552 heterogeneity coefficients (the two boxes are more segregated), or with lower exchange velocities 553 (worse ventilation conditions) or with smaller box height ratios (reduced dilution possibly due to 554 secondary smaller eddies in the lower canyon). The one-box model was found to systematically 555 underestimate NO 2 levels compared with those in the lower box of the two-box model for all the 556 test scenarios. This underestimation generally tends to worsen for higher heterogeneity coefficients, 557 lower exchange velocities, or smaller box height ratios. This study highlights the limitation of the 558 assumption of homogeneity in single box models for street canyon simulation, and the inherent 559 uncertainties that must be borne in mind to appropriately interpret such model output (in particular, 560 that a single-box treatment will systematically underestimate NO 2 as experienced at street level). 561
The assumption of 'exchange velocity' adopted in the two-box model approach only represents the 562 overall integrated effect of the dynamical flow between simplified street canyon boxes, failing to 563 capture the structure of flow and pollutant distribution inside street canyons. The box model 564 approach only provides mean concentrations within the boxes and assumes an instant and complete 565 mixing, thus artificially augmenting chemical reaction rates within the boxes (i.e. generally 566 enhancing the NO to NO 2 conversion rate such that NO 2 would be overestimated) (Zhong et al. 567 (2015); Bright et al. (2013) ). In addition, the two-box model approach (vertically segregated) is 568 restricted to represent two vortices within a street canyon. For even taller canyons, more vortices 569 may be formed. Future studies should adopt more photochemical boxes and use finite exchange 570 velocities to allow an incomplete mixing across boxes (thus to be closer to the real conditions), and 571 extend the range of scenarios to encompass the range encountered in reality. Reactive pollutant 572 abundance could be obtained by running the two-box model if a set of parameters are provided for 573 real urban areas as the model inputs (e.g. heterogeneity coefficient, exchange velocity, box height 574 ratio and emissions) although these three parameters are might be uncontrollable and site-and flow-575 dependent. For an application in future, it is needed to map the 'controllable pre-defined building 576 geometry parameters' and meteorological conditions to the three box-model parameters we 577 proposed in this study using available knowledge, datasets (e.g. wind tunnel experiments), and/or 578 modelling tools (e.g. CFD). In addition, a standard procedure for setting the parameters used in the 579 two-box model should be developed. A multi-box air quality model for a street canyon network 580 may then be developed for practical applications. 
